NACA RM K&. E&F30

T a

FYE-

Nodan

RM No. H8F30

Cepupi-

RESEARCH MEMORANDUM

INVESTIGATION OF PERFORMANCE OF SINGLE-STAGE AXIAL-FLOW
COMPRESSOR USING NACA 5508-84 BLADE SECTION
By Harry Mankuta and Donald C. Guentert

Lewis Flight Propulsion Laboratory
S Cleveland, Ohio

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

WASHINGTON
~ September 30, 1_948 |

N A C A LIBRARY

TANCER MR ORMAE-AEROMALITIEA L
LABORATORY
Langley Field, Va.



NACA RM No. EEF30

g

1176 01435

NATIONAL ADVISORY COMMITTEE FOR AERORAUTICS

RESEARCH MEMORANDUM

INVESTIGATION OF FPERFORMANCE OF SINGLE-STAGE AXTAT-FLOW
COMFEESSOR USING NACA 5509-34 ELADE SECTION
By Harry Mankutas and Donald C. Guentert

SUMMARY

An Investigation wes conducted to study the performance of a
single-stage axial-flow compressor using blades with an NACA 5509-34
airfoll section. The compressor had a l4-inch ti1p dilameter with 2
hub=to=tip dlameter ratio of 0.8 at the entrance to the rotor.
Static~ and total-pressure, total-tempersature, and flow-angle surveys
were taken In the compressor inlet and outlet and between blade rows
to study both the over-all performance and individual blade-row
performance,

The performance of the rotor and stator blade rows is pre-
sented seperetely on the basis of three different mezsures of blade
loading: turning angle, 1lift coefficlient, and & loading factor
defined as the ratlo of the change 1n tangential veloclty through
the blades to the mean exial velocliy. Discrepencles hetween the
wolght flow a8 measured by the orifice end the weight flow obtained
by a2 mechanical integration of the axial~flow components across the
passage at the various measuring stations indicated a need for more
camplete apd preclse instrumentation between the blade rows.

The over-all performance resulis at design speed showed that
a meximm total-pressure ratlo of 1.262 and a meximum adlabatic
effioclency of 0.84 were obtalned at an equivalent welght flow of
10.50 pounds per second.

INTRODUCTION
Axlsl-=Flow compressor research is currently aimed at obtain-

ing informetion that will permit the design of axial-flow compres-
sors with high pressure rise per stege without sacrifice of
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efficlency or flow capacity. One phase of the research program is
the development and invegtigation of various eairfoil gections in
two-dimensional and three-dimensional cascades for the purpose of
obtaining information concerning blade loeding and its limitations.
Information of this nature is esmsential in the design of compres-
gors that are to operate with a maximun pressure rise and high
efficiency. Because of radial pressure gradients and flows set

up by centrifugal forces, however, and because of the possible
effects due to adjacent blade rows, the flow in an actual compres-
gor is much more complex than that encountered in cascade investi-
gations, Blade performance must therefore be investigated under
actual compressor operating conditions in order to determine the
effect of these additional variables. Because of the complexities
introduced in the investigation of a multistage compressor, it 1is
desirable to perform the investigation on a single-stage compresaor
congisting of an initial set of guide vanes followed by a set of
rotor and a set of stator blades.

A l4-inch-dimmeter compressor of this type has been used
at the NACA Cleveland laboratory to investigate the effect of
different blade mections on compressor performance. The hub-to-
tip diameter ratio of this compressor was 0.8 in order to be
representative of the usual dimensions of the middle stages of e
multistage compressor. The first set of blades investigated in
this unit used the NACA 5509-34 airfoil section and was gimilar
to the blades used in the fourth stage of the NACA eight~-stage
compressor (reference 1). A design procedure gimilar to that
of refersnce 1, which had the same solidity and Mach number
limitations, was used.

In order to obtain complete information concerning flow char-
acteristics and individual blade-row performance in a single-stage
compressor, it 1s necessary to take pressure and temperature measure-
ments between the blade rows. Because of the very limited space
availsble between the blade rows, difficulty was encountered in
obtaining instruments sufficiently small to fit between the blade
rows without sacrificing accuracy. In addition, the proximity of
ad jaecent blade rows to the measuring plane very probably has an
effect upon the preasure and angle messurements. Radial Fflows and
pressure gradients also complicete the instrumentation. The problem
of instrumentation was therefore importent in the investigation of
the first blade design. : '

This, investigation was conducted over a wide range of air
flows at corrected rotor speeds of 7265, 11,500, and 14,530 rpm,
corresponding to approximately one-balf, three-quarters, and full
design speed, respectively. The over-all performence is pregented
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as plots

of total-pressure ratio and adiabatic efficlency against

corrected weight flow. The individusl blade-row performance is
studied on the basis of three lcading parameters: turning angle,
1ift coefficient, and & loading factor defined as the ratio of the
change in tangential velocity through the blades to the mean axial

velocity.

The

H

d o A

SYMBOIS
following symbols are used in this report:
11ft coefficient
specific heat at constant press-u're , Btu/(1b)(°F)
acceleration due to gravity, 32.174,(ft/sec2)
edisbatic work input per pound, (ft-1b/1b)

actual work input per pound calculated from increase in
angular momentum across rotor, (ft-1b/1b)

actual work input per pound celculated from total-
temperature rise, (ft-1b/1b)

mechanical equivalent of heat, 778, (ft-1b/Btu)

constant in turning-engle relation

rotor speed, (rpm)

rotor speed corrected to standard sea-level temperature, (rpm)
total pressure, (1b/eq ft absolute)

static pressure, (1b/sq £t absolute)

radius to blade element, (ft)

total temperature, (°R)

static temperature, (°R)

velocity of blade wr at radius r, (ft/sec)
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v absolute air velocity, (ft/sec)

Al air velocity relative to rotor, (ft/sec)

w welght flow rate, (1b/sec) '

W~/57g weolght flow rate corrected to standard sea-level préssure
and temperature, (1b/sec)

a angle of attack, (deg)

o angle of attack of isolated airfoll for zero 1lift, (deg)

B absolute stagger angle, angle between compressor exls and
absolute air velocity, (deg)

g relative stagger angle, angle between compressor axis and
air veloclty relative to rotor, (deg)

7 ratio of specific heats (cp/cv)

AB turning angle (stator), (deg)

Ap! turning angle (rotor), (deg)

& ratio of inlet total pressure to standard sea-level pressure

Nad adlabatic efficliency of compressor

e ratio of inlet total temperature to standard sea-level
temperature

0 density, (slugs/cu ft)

o} blade-element solidity, ratio of chord length to distance
between adjacent blades '

w absolute angular veloclity of blade, (radians/sec)

Subscripts:

0] Inlet depression tank

1 Inlet to rotor

2 inlet to stator

9Q4
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3 outlet of stator
av ' average
e referred to equivalent constant axial-velccity dlagram
h hub
m referred to vector-mean veloclty
tip
z axial
e tangential

COMPRESSOR DESIGHN

Aerodynsmic, - The first blade design to be investigated in
the 14-inch verieble-component axlal-flow compressor rig was designed
with & radial distribution of veloclity and pressure, asrodynamic
limltaticn, and flow assumptlons that were simllar to those used in
the deaign of the fourth stage of the NACA eight-stage compressor
(reference 1).

In this deslign procedure, a design velocity dilagram wes set up
in which the velcclties were expressed as ratics of the tip speed.
In setting up this diagram, the following conditicns were assumed:

1. Constant tip diameter

2. Ratioc of hub-to-tlp diemeter at inlet to rotor blades
equal to 0.8

3, Ratlc of axial velocity at hub to tipspeed at inlet to rotor
equal to 0.6 (selected to provide maximum power input for
hub-to-tip ratioc of 0.8)

4. Vortex-type rotation added by rotor blades; value of change
in tangentlal component at hub set by CCL limitation

cf 0.77; rotetion added by roter blades removed by stator
blades

5. Symmetrical dlagram at hub of rotor

- -
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6. Wheel-type rotation edded by inlet guide vanes; value of
tangential component added by ‘guide vanes at hub determined
by reguirement of symmetrical dlagram

7. Constant total enthalpy and no radial component of flcw
agsuned in calculating variation of axial veloclty across
passege entering and leaving each blade row; value of axial
velcoity component entering stator blades at hub determined
by setting Mach number at hub on gtator blades equal to
Mach number at hub on preceding rotor blades

8. Passage height at each station determined by continulty
requirement, with compression process assumed to be
igentropic

Actual velccities were obtalned by setting the Mach mumber of
the maximum air velccity relative to the blades equel to 0,7.

Cagcade data were unavailable on the RACA 5509-34 airfoil.
The following relation, taken from reference 2, was therefore used
to determine the blade-angle settings necemssary tc produce the
required turning angles.

6 = K(a - ao)

The value of K wes taken as 0.9, and a valus of -5.6° cbtained
from interpolation of isolated-airfoll tests, was used for the angle
of attack at zero 1lift age

The NACA 5509-34 blade sectlon was used for both rotor and
gtator blades, which were of constant section across the passage.
The coordinates of the NACA 5509-34 blade mection are presented
in table I, The guide vanes were formed with circular arc surfaces
faired intc an elliptical nose section., Information concerning
design turning angles and angles of attack for this blade design
are given in the following table:
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Blade row Radlus Deslgn Desgign Design
(in.) stagger | turning | angle of

angle angle attack

(deg) (deg) (deg)

Guide vanes: Tip - 7.00 0 31,61 | ===—ewe--

40 blades a - 6,82 0 30,45 | wecccew-
b - 6.47 0 28,36 | ~=e=ca=a
c - 6,11 0 26,33 | memwce--
d - 5.76 0 24,43 | cemcowee-
Hub - 5,60 0 23.58 | ==ew—e=-
(rotor lead-
ing edge)

NACA 5509-34 Tip - 7.00 51.71 9.36 4.80
airfoil sec- a - 6,82 50.45 10.44 6.00
tion: rotor; b - 6.47 48,01 12.56 8.38
29 blades ¢ - 6,11 45,50 14.75 10.80

dé - 5.76 43,04 16.87 13.17
Hub - 5.60 . 41.93 17.85 14.25
(rotor leasd-

ing edge) .

NACA 5508-34 Tip - 7.00 47.81 17.25 13.56
airfoll sec- a - 6.84 46.75 17.04 13.32
tion: b - 6.51 44.87 16.72 13.03
stator; c - 6.18 43.21 16.60 12.91
30 blades d - 5,85 41,81 16.71 13.00

Hib - 5.70 41.21 16.85 13.12
(stator
Jeading
edge)
Meohan3c31 - The mechanical features of the compressor are

shown in Pigure 1. The compressor had a constant tip dilameter

of 14.00 inches and a hub dlameter that wvaried from 11.20 Inches

. at the leading edge of the rotor blade to 11.72 inches at the trail-
ing edge of the stator blade. The axial distance between the trail-
ing edge cf one set of blades and the leading edge of the follow-
ing set was approximately 0.5 inch. The clearance between the rotor-
blade tips and the compressor casing was 0.020 inch, whereas, the
clearance between the stator blades and the compressor hub was

0.010 inch. Three spherically seated Journal bearings and a
fixed-wedge-type thrust bearing were used on the rotor shaft. A

set of exit turning vanes was located approximately 7 chord .
lengths downstreem of the stator blades. These turning vanes

were desligned to remove the remaining whirl component of the air
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with 1ts resulting radial pressure gradient before discharge into
the collector. An annular baffle waa provided in the collector to
aid in providing a uniform flow around its periphery.

APPARATUS AND METHODS
Apparatus

A sketch of the compressor setup is shown in figure 2. Two
225-horsepower dynsmometers mounted in tandem were used to drive
the compressor throught a 7.25:1 speed increaser. Alr was taken in
directly from the room through a thin-plate orifice mounted in an
orifice tank and then passed through a motor-operated throttle valve
into a large depression tank, Thig tank was 4 feet in diameter,
6 feet long, and contained a felt filter and a 3-by-3-inch honey-
camb to aid in producing a smocoth flow at the compressor intet. The
tank gufficlently reduced the inlet-gir wveloclties that the compressor-
inlet pressure and temperature measurements made in the tank could
be assumed to be stagnation values. A bellmouth inlet was used to
provide a smooth flow from the tank into the compressor-inlet gulde
vanes. The compressor-discharge collector was connected to the lab-
oratory exhaust system through two exhaust pipes. A motor-driven
throttle valve was provided in the exhaust system to vary the flow
through the compressor.

Instrumentation

Ingtrumentation was provided at the ccmpressor inlet and outlet
to measure over-all compresscr performance and between blade rows to
meaaure individuwal blade-row performance. The four instrument sta-
tlone are shown in figure 1. All measurements at statioms 1, 2,
and 3 were taken at four radial positioms across the flow passage.
A1l instruments were circumferentially located in such a manner as
t0 be removed from the wakea of upstream blades or instruments.

Station O was located In the inlet depreasion tank. Because of !
the size of this tank, the small exlsting velocities were neglected,
end pressure and temperature measurements were assumed to be stag-
nation valuss. Temperatures in the lnlet depression tank were
measured by four thermocouple probes, each containing four thermocouples.
Two wall pressure taps were used for pressure measurement.

Stations 1 and 2 were located approximately 1/5 chord length
before and after the rotor, respectively. The total temperature was
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assumed to be constant across the guldé vanes and across the stator
blades, so no temperatures were measured at stations 1 and 2. Total
pressures at each statlon were cbtalned with a single total-pressure
rake gimilar to that shown in figure 3(a). The variation in flow
angle from hub to tip at & given flow was ccnsidered to be suffi-
ciently small to permit the crientation cf the rake in the direction
ofthe flow in the center of the passage with negligible effect on
the accuracy of the total-pressure measurements at the other redial
positions. Because of the limited space existing between the blede
rows, a special type of minlature static-pressure survey tube

(rig. 3(b)) was designed. Thess tubea were individually calibrated
with respect to Mach number. A single radial statlc-pressure survey
of four points was taken with one of these tubes at stations 1 and 2.
The orientation of all static-pressure tubes with the flow yaw angle
was accomplished by balancing the pressures obtained from separate
static-pressure taps on sach gide of the Instrument.

In addition, three wall static taps in the cutside wall were
used. Flow-angle msasurements at each station were obtalned from a
gingle radial survey with a claw tube similar to that shown in fig-
ure 3(c).

Ccmpressor-outlet measurements were made at station 3, which was
located approximately 1 chord length downstream of the stator blades.
Total-temperature measurements were obtained from four rakes containing
four probe thermoccuples each (fig. 3(d)). In order to permit the
measurement of the energy addition toc the alr by means of the rise
in total temperature across the compressor, & high degree cf accurecy
in the measurement of the total-temperature rise is required. For
this reason, the thermccouples in the rakes at station 3 were con-
nected differentially with those at station 0 in such a manner as
to messure a circumferentially averaged value of the temperature
rise across the compressor at each of the four radii located by
the four probes on each rake, Total-pressure measurements were
obtained from four 19-tube clrcumferential total-pressure rakes
(£ig. 3(e)) distributed around the periphery of the compressor.

Each of these rakes was located at a different radial position arnd
was conmnected differentially to the inlet depression tank to give
& measurement of the total-preasure rige across the compressor at
each of four rasdii.

Static pressure at station 3 was obtained from a single radial
survey taken with a Prandtl type static-pressure tube shown in fig-
ure 3(f). In addition, three wall statlc-pressure taps were pro-
vided in both the outside and inside wall. TFlow angles were
obtained by means of a single radial survey with a claw tube
similar to that used at stations 1 and 2.
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Airfiow through the compressor was measured by a standard thin-
plate intake orifice mounted in an orifice tank., Compressor spesd
was measured within +10 rpm with a precision-type tachometer.

A summery of the instrumentation used in the investigation is
presented in the following table:

Station Redial Measgurement Instrument Circumfer-
measuring ential posi-
poaltions tions

(in.)
Station O, ~=eeaw--e | Total pres- ; Wall tap 2
inlet tank sure
Total tem- Thermocouple 4
perature probe
Station 1, a -~ 6,82 Total pres- | Radlal total-preassure 1l
after guide | b 6.47 gure rake
vanes c - 6.11
d - 5.76 Static pres-| Minlature 1
sure static-pressure
survey _
Wall tap, outside wall 3
Yaw angle Claw survey tube 1
Station 2, a - 6.84 Total pres- | Radial total-pressure 1
after rotor | b - 6,51 sure rake
c - 6.18 ]
d - 5.85 Static pres-| Miniature static- 1
sure pressure aurvey
tube
Wall tap, outalde wall 3
Yaw angle Cla.\i purvey tube 1
Station 3, a - 6.86 | Total pres- | Circumferential 4
after stator| b 6.57 sure total-pressure rake
c - 6,29
da - 6.00 Static pres-| Statlic-pressure survey 1
sure tube
Wall tap, inside wall 3
Wall tap, outalde wall 3
Total tem- Thermocouple rake 4
perature
Yaw angle Claw survey tube 1
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Accuracy of Measurements

Over-all performance measurements. - The accuracy with which
the over-all performance of the compressor may be expressed Iin
terms of total-pressure ratlic and adlabatic efficlency depends
primarily upon the accuracy of the total-pressure measurements at
gstations O and 3 and upon the mesesurement of the total-temperature
rige between these two stations, The method used in measuring the
total pressure at stations O and 3 permits an accuracy within approxi-
metely £l percent of the dynamic head, In order to obtain the
total-temperature rise across the compressor, a recovery coef-
ficient based on an average callbration curve of a group of thermo-
couple probes weas applied to the observed temperature readings.
Differences between the recovery coefficlent of individual thermo-
couples and the average calibration curve due to small differences
in the construction may introduce & emall error in the temperature
readings. An oll coating from bearing-cll leakage into the air
stream may also change the thermocouple recovery coefficlent suf-
ficiently to Introduce an error in the temperature msasurements.
When these asources of errors are consldered, 1t is estimated that
the measurements of temperature rise across the compressor are
accurate to within approximately *3 percent of the stagnation
temperature rise.

Blade-row-performance meagurements, - The problem of obtain-
ing alr-flow measurements between the blade rows was complicated
by space limitations. At the closest polnts, the space between
blade rows, was approximately 1/2 inch, which means that the actual
measurements were teken within less than 1/4 chord length of the
blades. This space limitation not only necessitated the use of very
small pressure tubes with thelr attendant difficultles, but also
increased the posaibility of an effect upon the measurements by the
flow disturbances gensrated by the blades.

As a check on the accuracy of this instrumentation, the welght
flows obtainsd by integrating the gquantlity 2npgV,rdr across the
pessage at stations 1, 2, and 3 were compared with the welght flow
measured by the orifice., The percentege discrepancy between the
integrated weight flows at each station and the orifice measured
weight flow are plotted as & function of welght flow in figure 4.

The variation in the error in integrated welght flow at
station 1 with changes in flow for three speeds are presented in
figure 4(a). At this station, all the integrated weight flows
were within t4percent of the orifice measured flows. No definite
relation seems to exist between the error in weight flow and the
weight flow as measured by the orifice.
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The variation in the error in integrated weight flow at sta-
tion 2 with changes in flow at the same three speeda are presented
in figure 4(b). At this station, the integrated weight flows vary
from sbout 4 percent above the orifice-measured weight flow to
approximately 7 percent below.

The variation in the error in integrated weight flow at sta-
tion 3 with changes in flow at the three speeds are presented in fig-
ure 4(c). At most points at this station, the integrated weight flow
was higher than the orifice-measured weight flow. The error in
weight flow varied from approximately 13 to approximately -3 percent.
In general, the difference between the integrated welight flow and
the orifice measured weight flow decreased with increasing weight
flow.

Possible causes for the large discrepancles between Iintegrated
weight flows and the weight flow measured by the orifice may be
divided into three general categories: (1) differences between the
flow conditions prevailing in the compressor and the uniform flow
existing in the tunnel in which the instruments were calibrated,
which made the calibrations invalid, (2) existence of unmeasured
radial-flow components, and (3) ocircumferential-flow variations
that may invalidate the application of measurements made at a
single circumferential position to the entire periphery of the
compressor.

Calibrations of all pressure-measuring instruments were cobtalned
under uniform steady-flow conditions. In the compressor, these ideal-
flow conditions do not exist and the calibration therefore may not
be entirely accurate. Immediately downstreem of the rotor (station 2),
a fluctuating flow due to the wakes produced by the rotor blades
undoubtedly exists. Because the total-pressure instruments under
fluctuating-flow conditions measure the root-mean-square value of the
velocity fluctuation rather than the average value, an error is intro-
duced. It is possible that thege flow fluctuations will also affect
the acocuracy of the gtatic-pressure measursments.

Another flow condition that may cause an error in the static-
pressure measurements is the presence of radial components of flow.
A sufficiently large component of flow across the short dimension
of the static-pressure tubes may cause an appreciable error in the
gtatic-pressure measurement. The actual magnitude of this error is
unknown, however, as no measurements were made of flow pitch angle
(angle between the flow direction and the compressor axis in a plane
through the axis and the measuring point). Another errcr tending o

66
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cause a dlscrepancy between integrated welght flow ard orifice
measured welght flow 1s introduced by the presence of radial com-
ponents of flow inasmuch as the veloclties calculated from the pres-
sure messurements were assumed to have no radial component. This
error 1s small, however, as & pitch angle of 10° causes an approxi-
mate error of only 1.5 percent in the axial velocity.

Circumferential variatlions in flow may be elther a pericdic
symmetrical variation produced by the pressure flelds or wakes set
up by the stationary blades, or an unsymmetrical variation around
the periphery of the compressor. With the exception of the clrcum-
ferential total-pressure rakes used at statlon 3, all flow-measurement
surveys were made at a single circumferential position. An error
is obviously introduced if the flow conditions at thia point do not
represent an average condition. Although this possible error could
not be evaluated, it is probably a primary factor in producing the
discrepancies between the integrated weight flows and the weight flow
as measured by the orifice.

The magnitude of the dlscrepancies exlsting between the inte-
grated weight flows at the various measuring stations and the welght
flow measured by the orifice makes it apparent thet any individu=l
blade-row performance results must be treated with caution. If these
discrepancles are to be reduced in future investigations, 1t appears
thet circumferential surveys of all flow measurements must be made
in order to detect and account for circumferential-flow varlations
produced by individuwal blades. In addition, it is probably advisable
to provide some means for detecting unsyrmetrical flow variations
that may exist around the compressor periphery. Some provision
for the measurement of flow pitch angle alsc appears to be desirable.

Methods of Investigation

During the investigation, the absolute pressure in the inlet
tank was maintained at 25 inches of mercury by throttling through
the inlet valve. The weight flow was varied in approximetely equal
increments by varying the compressor back pressure with the outlet
throttle. Runs were made at corrected rotor speeds N/+/6 of 7265 s
11,500, and 14,530 rpm, corresponding to approximetely one-half,
three-quarters, and full design speed, respectively. The range of
Reynolds numbers coversd during the investligation, baged on blade
chord, was approximately 250,000 to 500,000,and the Mach number of
the flow relative to the blades varied from approximstely 0.2 to
0.76. .
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Methods of Rating

Total-pressure ratio, - The total-pressure ratio used in thisg
investigation 1s the average preasure ratio that would be obtained
with an igentropic power input to the measured total air flow equal
+0 the actual igentropic power input integrated over the flow pessage.
It is calculated by means of a mechanicel integration of the follow-

ing equation — —
-1 ’
r x== 2
t,3 7 =1
P3
?6 -1 psvz 5rd.r
Ps) _JUrns 1
P,
O/av
Tt,3
psvz’srdr
L Th,3

Adiabatic efficiency. - The adilabatic efficiency used in evaluat-
ing the compressor performance is based on the total-temperature rise
across the compressor and 1s defined by the equation

H
ad
n&d=-—

B

The adiabatic work input per pound of air is H,y and is cal-
culated from the eguation

=1

P
3 4
H 1= JcpTo (Po) -1
av

The actual work input per pound of air, as measured by the
total-temperature rise across the compressor, is EI' . It 1s obtained

from a mechanical integration of the following equatilon:

66
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t,3
Jo,, S TO) pa¥y sTdr
5y - *h,3
*t,3
Pz, ,3rdr
Th,3

Another method that was available to calculate the actual work
input involves the determination of the change in angular momentum

of the flow aocross the rotor., This quantity can be obtained from
the equation

Tt,2 2 +,1 o
v, oV _rfar
6,2°2 22" Vg,1P17y 1% 0T
my -2 ka2 _jdm
g
t,2 5,1
vV _rar v _rar
Pa'e,2 Prl2,1
I
k,2 *h,1

A comparligon of the work Input determined by this method with
the work input calculeted from the total-temperature rise 1is shown in
figure S. In most cases, Hy 1is lower than H;. The maximum 4if-
ference between the curves varies from approximately 22 percent at
deslgn speed to approximately 16 percent at one-half design speed.

Because of the previously noted dlscrepancies between the inte-
grated welght flows using the flcw measurements at the various measwmr~
ing stations and the orifice measured welght flows, BM was not oon-

sidered to be as accurate as Hjp. TFor this reason, the efficlenciles
wore calculated on a total-temperature~rise basis.
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RESULTS AND DISCUSSION

The data obtalned at the three rotor speeds are presented in
table II.

Over-all Performance

The over=-all performance of the compressor is presented in fig-
ure 6 as curves of total-pressure ratio and adiabatic temperature-
rise efficlency against equivalent weight flow.

At deslgn speed, a peak total-pressure ratio of 1.262 was obtalned
at an efficiency of 0.84 and an egulvalent welght flow of 10.50 pounds
per second. Deslgn value for the total-pressure ratio was 1.210 at
an eguivalent welght flow of 13.45 pourds per second, based on an
isentropic compression process. Because of reatrictionsa in the
exhaust system, the maximum corrected welght flow obtained during the
performance tests was 13,25 pounds per second, With an efficlency
of 0.71 obtalned by extrapolating the efficiency curve tc the
dealgn welght flow, the design pressure ratioc would be 1.146 as com-~
pared toc an actual value of 1.140 obtalned by extrapclating the
pressure-ratio curve to the design weight flow.

The peak adiabatic temperature-rise efficiency at design speed
was 0.84 and was obtained at approximately the same welght flow for
which the maximum pressure ratic was obtalned. The peak efficlency
increased to 0.92 at one-half design speed (7265 rpm). These effi-
ciencles were obtained with interstage Iinstrumentation in place.
Check runs made with this Instrumentation removed showed an increase
in efficiency varying between 1 and 3 percent over the upper ha.lf of
the flow range at the three speeds.

When the absoclute values of the adlabatic temperature-rise effi-
clency are considered, it should be remembered that these values are
based on a power input determined from a measurement of the total-
temperature rise across the compressor. Because the temperature rise
across a single-stage axial-flow compressor 1is small, of the order of
magnitude of the stagnation-temperature rise, a small error 1in the
temperature messurement may introduce an appreciable error In the
efficiency,

Blade-Row Performance

Pressure rise in a blade rew is a functlion of turning imparted
to the air, or blade loading. The performance of rotor and stator
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blede rows is presented in figures 7 to 9 on the basis of three dif-
ferent measures of blade lcading. In figures 7(a) and 7(b), a plot of
turning angle against angle of attack is presented for the rotor and
stator, respectively. For this plot, an equlvalent constant axial-
velocity diagrem, (shown with dotted lines in fig. 10) was used to
obtain values of turning angle and angle of attack, This method is

the method used in reference 3 to obtaln correlation between turning
angles cobtained in a variable axial-velocity three-dimensional cascade
and turning angles cbtained in a constant axial-veloclty two-dimensional
casgcade,

Curvee are plotted in figures 7 to 9 for four different radil et
three speeds. The effect of speed on the turning angle appears to be
very small., It should be noted that because the variatlion in angle
of attack was obtained by varying the flow, the alr stagger angle
did not remain constant, Any effect of the air stagger angle on turn-
ing angle will therefore also appear Iin these curves. Reference 4
indicates that the value of K in the expression 6 = K(a - ag)
varies appreclably with changes 1n stagger angle and sclldity.

The design point at each radiuvs 1s also indicated. At the
deslgn angle of attack on the rotor, the measured twrning angle at
all radiasl positions except d were within 1° of the design turn-
ing angle predicted by the equation

8 = 0.9 (a - ag)

For the stator blades, the design turning angles were within 3° of
the measured turning angles with the exception of the radial position
near the hub where the measured turning angle weas 7° lower than the
design value.

Curves of o'CL against an entering-alr angle of attack based on
the velocity vectors v 1 and 72 (fig. 10) for the rotor amd stator

are plotted in figures 8(a) and 8(b), respectively. Drag forces were
neglected in calculating the values o: O‘CL and the l1lift force was

assumed to be normal to the mean relative velécity vectors V'm and

V; for the rotor and the stator, respectively. The values of CCL
were calculated from the equations
| 24V'g

V’I

(rotor)

oCy, =

m

2AV
e
OCy = —V: (stator)
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In figures 9(a) and 9(b) are plotted cwrves of a loading fac-
tor AVL/V "e,m againgt V's,m/V'z,m for the rotor and of Ave/vz,m

against Ve,m/Vz’m for the stator.

SUMMARY OF RESULTS

Ag a result of the investigation conducted to study the perform-
ance of a single-stage axlal~-flow ocmpressor using blades with an
NACA 5509-34 airfoil section, the following results were obtained:

1. At design speed, a maximum total-pressure ratio of 1l.262 and
a maximum adisbatic efficlency of 0.84 were cobtained at an equivalent
weight flow of 10.50 pounds per second.

2. The meagured turning angles across the rotor at all radial
positions except near the hudb were within 1° of the design turning
angles at the deslgn angles of attack. For the stator blades, the
design turning angles were within 3© of the measured turning angles
with the exception of the radiasl position near the hub where the
measured turning angle was 7° lower than the design valus.

Lewls Flight Propulsion Laboratory,
Rational Advisory Comittee for Aercnautics,
Cleveland, Ohio.
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TABLE 1.

- SECTION COORDINATES OF NACA 5509-34 BLADE SECTION

UPPER_SURFACE LOWER SURFACE
X Y X Y
0.00 0.00 0.00 0.00
1.03 1.23 1.47 -.41
2.2[ Icga 2-79 -o4g
4064 3- l3 5.36 -.54
7.'0 4." 7090 "352
9058 4.94 l0.42 -.47
!4.58 6.36 l5042 -033
i9.6| 7045 20.39 “a ‘5
29.73 8.95 30.27 .27
39.88 9.68 40.12 .69
50.04 8.76 49,96 1.02
60.19 g8.23 59.81 1.26
70.30 8.05 69.70 i.35
80.38 6.13 79.62 1.20

90.28 3.31 89.72 .
95. 16 1.68 94.84 . 18
100.00 .09 i00.00 -.09"
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TADLE 11 - SANARY OF PERFOMARCE DATA OF 4-INCH SINGLE-STAGE AXIAL-FLON COMPRESSOR USING MACA BUO0-34 BLADE SECTICN

Station 0 Station | Station 2 Statlon 3
Equivalent [Badial |[Premoure|Towpors-|Enclwa[dctual [Toial | 5tatle |[Total [Flow [Absclwie|iadlwe[ictual [Totali [Statloc [Wta’ |Flow [Abscivta|Wndivs|Tote) Bitatlc [fotal |Flow [Absinte
walght flow|peaition|p=F |[ture Ue.) [bisde  |prestars] pressure|tempera{mglafalr [la.) [binde |pressurs|propssra |temparn-{smglefair - |{tu.) |oreeswre|arassers [tenpara~|engie]nir
{oriflca) (in. Hg |t=T spepd  |P [ ture, T|P0 |valocity]-. apasd | P p tarw, T (B2 |veloclty P n tare, T [Py |valoalty
wWe aba.) R} (ft/eac)|(ln. Ho (1. Hg | (°R) |{deg) |(Tt/eac) (ft7oec){{in. Mo fCIna Ne | (OR) ({deg)|((t/anc) (in. Ba Him. Mg | (SR} |(dep)|{ft/mec)
[1b/nac) abe.) [eke.) sta.)  Jabs.) abs.)  |abe;)
Equivelent rotar spbsd, 14,530 rpa (deeion)
13.92 » 24.80 | 52,2 | 5,82 | 8828 | .82 | 20.44 | 0422 [26.06) M2,7 484 | 9080 | 20.42 | 287 |29 (478 e | Guks
b 8.47 | 627.7 | 24,85 | 20,29 S0.25) &07.6 | 851 | 943.9 | £0.06 | 22.86 | M40 |40.70( 718,01 | 8.
[ 8.1 | W26 | 24.88 | 20.18 24.00) 88,0 |4, | 802.0 | .62 | 22.46 | BT |26 Y4B | &89
d E.78 | 7480 248 ] 1991 2,75/ 017.0 | 6.06 | 7004 | 0.4 | 2R.21 | 5727 [27.70] 006,01 | 8.00
.28 [ o600 | 8454 [ 8.82 | 086.0 | 4,00 | £2.07 | 0464 [24.78] £78.1 | 8.0 . . NN E
» B.47 | 840,4 | .90 | 20,04 24.70( 0.8 | 8.51 | e48.6 | 3185 | 20,53 | Wu.4 |47.75| 001.0 | 6.7
[ 6.1 | 62 | 2449 | 20,78 P4.75| 03,6 | 6,18 | 9048 | 20,40 | 2A.33 | 7.6 |47.28] me1.7 | 029
d B.78 | 74,4 2L @.75) 7.4 |8, 700.9 | al.b4 |28 | 0ee.5 |48.78[ 607.1 [ 0.00
10,42 [ 98,00 | 0.4 [B.22 | BBO.0 | 24,04 | P00 | 08,4 24,75 43.4 | .04 | BER.2 | SLIT | 2.10 | W4T [Ba.00) M. ;
] 8.47 ] 8400 | 4.0 | 2.3 84,73 am,7 ) 8.8) | 947.0 | s2.41 | 27.22 | P88 |m0,20| mas | 8.9
e B.il{ 7968 | 24.80 | 22.21 24,70| 4.8 | 6.8 | 8040 | 31,00 | 27,07 | me0.5 |4.78| B9 | 6.3
d 6,78 | 74.0 | 2484 2216 22.70) 0.6 | 585 | .2 | .08 | 2800 | 500.7 [®.76) M50 | 8,00
9.3 1 5,00 [ 6.3 | 6.B2 | 9028 | 24.06 | 23.04 | 8448 [&6.25| 386.7 |44 RIS AN TH . 0 .
b 047 | BR7,7 | 2489 | 2.8 ®,25| 04,3 | 6.8) | 843.0 | 32,45 | @721 | meo.5 [mmen| f01.8 | 6.5
[ [ 1] e 34.20| 4108 8.18 02,0 A5 | 27.RR 0.1 [m.78] Do, B .5
4 b7 | 26] 4i8.3 | G885 | 7684 | 3.27,|27.10 | 009.2 [4.20] pea.t | 8.00
an » 28.00 [ 38,1 | 682 36.a | 5. [~ 32,18 | .67 | mw.a [72.70) 00,9 | 6.60
» o.47 70| 33.3 | o0t | a4n0 | 2200 | .00 | DI (B8.28) 8a2.6 | 6.87
[ e, 1) 28] 30.9 |66 | 203.0| 2086|2700 |0 (mec)eors | 8.4
1. e en| %7 | B 75,4 .30 | 27.06 | beo £,20) 2.4 | 6.0
B . ww [y g R AR A N R ‘ELJ.'.» TO.70[ oA, 1 | 655 |
» : 6,47 70| 864 | 8.51 | 846.0 | 3108 2888 | M4 (52,50 Mo | 6.7
- e &M | a7.4 |'5,00 | :08.0] 2.m |00 | 6ei,Z |EIL7E(@I7.E | 6.9
i 52| 140,40 | 2a.08 20,76] a7.0 24808 | MO0 119_,39_ 03,7 | 6.00
6.1 ] 5.00 | 8.4 | 6.82 | @030 | 2465 | 23.70 | b4 |24.70| 9082 [a.pd | 9670 20.87 |66 | D80 (74.70| 0E2 | 5.0 |
» 6,47 | em.8 | #2498 | 22.00 24.70| 837.1 | 6,80 | 8480 | Si.08 |29 | maa (.74 w02 |88
e ::u a6 | E8.00 | 23,35 24.28| et8.7 |88 | 903.0 | 39.05 | 2881 jmo.8 (5I.em|ema |o.29
' 749 | 24,88 21,70| 3.8 Sa,g .46 | 28,08 | %07 |29 608, | |8.00
7,72 D 2.m [ 8.0 | 0.2 | @30 [ 2408 ‘&%23 0420 [24.75] 2950 | 6.84 . +.|2 .54 [ R8.5 [TRI8] 6673 | B.06 |
b 8,47 | ass.m | z4.9m | E3.82 24,70| B73.0 | .51 | BaB.0 | 3i.00 | 20.5656 | 0080 (S4.7B| PE7.4 | 4.0
€ 8,1 | 7038 | 2400 | A4 4.22] 8.2 |6.08 | £08.0 | 524 | 2876 | WLE (178 617.7 | 8.9
s B.78 | 747.0 | 24.00 | 23.38 2.2 ] 342.0 79,4 | 2% | ».0 | o4 |46 as.g | 6.00
Eoulvalent rotor apesd, i1,900 rm
14,83 2 2,00 | zaa0 |82 B4 (e | w27 ] e [n.e [ems (w2 [e.0
b 8,47 me.3 |6,51 | 8804 | 2.0 | R4 | w074 |8.40) me.d |o.ET
€ 8.1 26,2 (6.8 | 860 | 17.3% |22.00 |em.7 nuum% %g
I | i) _%:.L_%Lg_ [M, 25 [ 621.0 | &
10,83 s 26,00 | Ba5.0 | 8.82 40.2 | 8.84 ] X 3.8 41,28] Bdi.a
N B.47 a0.0 |80 | 58| 8.0 |22.71 |o0.0 [41.28( 0.6 | 867
[ a.il 43,7 (8,18 | 536,85 | 28.04 | 2B |28 [a0,95]| M. |62
M B, poi0 ! o788 | 29m1 |ges | e, | 6.00
0.2 2 25.00 | 24,9 &g I 48,1 | 884 | 7027 26,29 | o4.80 D8A.4 a.?ﬁ BIS,7
b .41, osh4 Mm.e . 0.0 | w4 A uaaiga ¢Eon; ?g
c AT a8 . 808 | B8, AN | M J00a)  |a246( Bas, R
P 6.7 |48 ‘pgal| 0016 05 | g1 ’:m.z 0.70| o= | 6.00
]
a b ' *
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Station Location
0] Depression tank
1 After gulde vanes
2 After rotor blades
3 After stator blades
Inatrument
stations
1)(2) (3
<5
/,:_ o ;/
7
~ | -
R
/ - J :',ﬁ{_—,-_i?‘,'-_f-,’z‘.’_-:{_'}-_';-,’.,'/.i_.".’_ =
i 7, _—
| (1] -
; R s .
7,
4 3
b |

Figure 1. - Crossg-sectional view of compressor showing

instrument stations.
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Flgure 2. - Experimental aetup for singlo-stage axial-flow compressor,
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Flgure 3. - Instruments uged in compreasor-performance investigation.
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Difference, percentage orifice weight flow

E8F30

NACA RM No.
" Equivalent ‘
rotor speed,
N/¥®, rpm
(o] 14,530
=] 14,500
A 7,265
LA ~O— o
0 A S === = s N =
il i
-4
.{a) Station I, after guide vanes.
8
4 "
O
-4 N \O—}_"ﬁ'{:\o/
-8
(b} Station 2, after rotor.
16
12 o
Iy
8 \4\ =W \O\‘\C
4 N P4 \\
N \\ —0
0 ' p—
-4 4 5 6 7 8 9 10 0"

Figure 4. - Difference between integrated weight flows at three measuring

Orifice weight flow, W, Ib/sec

{c) Station 3, after stator.

stations and orifice weight flow expressed In percentage of orifice weight
flow.
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NACA RM No.

Work input per pound, ft-1b/1b

ESF30 -

work input to air.

T | T 1 1 ]
Work input
O Change in angular momentum, Hy
| Total—temperature rise, Hy
1 00302 =l Equivalent —
EﬁjET rotor speed,
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O 3
\\Cl\\ AN
R ~
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iIt,500
40 At
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*
20 X 'Lb:Ej
)\O- 7,265
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I
0
4 6 8 10 12 14
Equivalent weight flow, W8/&, 1b/sec
Figure 5. — Comparison of two methods of measuring
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Equivalent weight flow, W8/8, 1b/sec

Figure 6. —~ Over-all performance of a la-inch
diameter single-stage axial-flow compressor using
the NACA 5509-34 blade section.
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Figure 7. - Variation of turning angle AB', with angle of attack (g NACA 8509-34 blade section.
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Turning angle, ABg, deg
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Figure 7. - Concluded. Variation of turning angle 4P, with angle of attack ge. NACA 5509-34
blade section.
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Figure B, = Variation of oCy with angle of attack @. NACA G5B509-34 blade sectlon.
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Figure 8. - Yariation of oCy with angle of attack @. NACA 5509-34 blade saction.

134



O'CL

oGy

.6 o
T T T —_—
Equivalent go W
= rotor spead, E
N/YE. rpm
1.2 0O 14,530 g 0
] {1,600 ]
L A 7.265 o
O
.8 o= o]
o
ras
v oty
4 A ok
. ~ 5
]
Al O
IRadial position (a},
0 , near tip Rldllll poa.itlon {b}
1.27
‘8 $g
1 (8]
IJE B D°°
A
Ade o | gf|A
4 |
u]
a |
Redlal posltion (¢} A md‘lln:::i:ll'zn (d)/
4 0 4 2 20 36 44 4 12 20 28 %

Angle of attack, a, deg

{b) Stator,
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Figure 10. - Typical velocity diagram for single-stage axial-
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